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ABSTRACT 



With ever larger amounts of power being required by present day 
active sonars, studies are being made towards improving the efficiency 
of the power train. A gain in efficiency is possible if non-linear 
switching type amplifiers are used in lieu of the linear amplifiers 
presently used. Due to its high switching efficiency, fast switching* 
and ability to be turned on or off by gate signals, the Gate Turn-off 
Controlled Rectifier was investigated for possible application in an 
amplifier circuit. 

The circuit examined readily met the required criteria, however, 

the real value of this study lies in the method of predicting transient 

performance. Use of the derived equivalent circuit, and an analog 

computer model based on transfer functions (E /E and i /E), provide 

L 1 

analytical solutions that can be arrived at more readily than by other 
methods. 
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CHAPTER ONE 



THE GATE TURN-OFF CONTROLLED RECTIFIER 
1.1 Introduction. 

The Gate Turn-off Controlled Rectifier, GTCR, is a three terminal, 
p-n-p-n silicon structure very similar to the Silicon Controlled Rectifier, 
SCR. It differs from the SCR in that conduction through the device can be 
stopped by the application of negative pulses to the gate terminal. 

The GTCR enjoys the following advantages which the SCR has over other 
switching devices: [^l^] 

a. A high switching efficiency. 

b. High surge current ratings. 

c. Large power gain. 

d* Pulse turn on. 

e. Extremely fast switching times. 

The SCR's were found to be limited in switching capabilities, since 
the turn-off required either a drop in current below the rated holding 
current, or the application of a voltage of opposite polarity across the 
device, so that the operating point is moved into the blocking state. 

The typical operating characteristic of both devices is shown in 
Figure 1-1. Note that by applying the gate current, the Forward Break- 
over Voltage is moved to the left. 



1 



X 




I 



Fig. 1-1 
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1.2 Turn-On Criterion. 



In examining the turn-on criterion of the p-n-p-n device we will 
employ the widely used two transistor analog. Figures I-2A and 

I-2B show how we can pictorially represent our analog. 

Figure I-2A Schematic of GTCR 




where J^, J ^ and are the junctions 

represents electron current 

represents hole current 

Fig. I-2B 2 Transistor Analog 
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We can define the DC alphas in the usual manner as the ratio of 
collector current resulting from the emitter current, to the emitter 

current. Thus in general the total current collected will be: 

Xc — + Ico 

where I is the amount of thermally generated current collected, 
co 

The small signal o('s can then be defined as: 
of© = dig = o; + I b doi 

die dX E 

From Figure I-2A we see that if I, = I + I the current through Junction 

k a g 

2 must be 1^ which is the sum of the hole, electron, thermal, and dis- 

C d V 

placement current, > where C = the capacitance of 



(1) 




la — °<NTa t c*pl„ 


+ Ico + Idis 


since 








(2) 


# 

• • 


Ik — la + I 9 

la — =* pXq ■+■ I co ■£_ 


Id is 



\ — p 

Before discussing the results of this expression let us examine 
Figure 1-3 which shows the general relationship between emitter current 
1^ and the small signal o{ $ . 




X E amperes 

Fig. 3 



4 



We can see that the small signal o(s increase monotonlcally with 

emitter current. We desire now an expression for A Ta to see what the 

AI q 

small signal requirements are for A lev which is the criteria for 

A X 3 

switching on. 



A X<* 
A Xg 






implies that I may — without affecting I . To get 
g a 



the desired relationship, differentiate (1) with respect to I * 

S 



(3) 



-d Xa =• cx n dig + To, d cx N -+ cv p dXu + Xp dtcXp 

dXg dig d Xcj d Tg cl 



but as previously shown 



d-9C.N. — 


££oq 






dla 


lOL 


Xa. 






5K — 


— 




dlfe 


Ik 


Xk 




Where and e* pa 


are the small signal alphas. 


We can furthermore simplify to 


get : 




d<7U — <3 <*n • HTol — 


CX nft 


la — C*n 


d Xa 


dl 9 dXa dig 


Xa 


dX g la 


dig 


and 








dcXp _ o< ?n 


dJLk. 


exp dXx 




dX, ~ I t 


d Xg 


It dl<, 





Now substitute these results into (3), 

d Xq — dXA *+ Xa or no dXa — Xg dXa 4- cXp dXw 
cA Xg dXg Xa. dXg Xa. dl$ dXg 

which reduces as follows: 



IkQip dX< 

dig 



Ifc exp dX j fe 
Xk dig 



dXo- 

d Iq 



c* 



no d Xg I 

dig ^ 



CX 



po d Ifc 

dig 



since 



X^ — 31 cl — h X* 



hence, dXa — 
: 6 



oC 



£fiu 



(iXq \ ' ^(po ^(irvo 



-dlk. 

die 



+ 

dig 



We are now in a position to form some conclusion regarding switch- 



ing. For C* no •+ cx po *= l we note that 



dXa 
d Xg 



CO 



This then is our turn-on requirement, which as we see from Figure 1-3 
is brought about by o< fo and increasing steadily as their respective 

emitter currents increase. 

Similarly we note that at turn-off, when current is pulled out of 
the gate, decreases first, then decreases and from equation 

(2) we see that la. Ico + Xd is — c* p Xg which is the very small 
leakage current. 

In the conducting state all three junctions are forward biased and 
saturated with carriers. Unlike the SCR which requires an additional 
incremental time to allow for the diffusion of the carriers from the 
center junction after turnoff, the GTCR is completely turned off when 
the carriers are removed due to the negative gate pulse. Hence the 
GTCR is capable of much higher frequency operations. 

It becomes apparent then that the function of the amplitude of the 
gate current is to control the variables and cXp . If I and 



As previously discussed for turn-on, we desire to have the gate 
current such that the emitter currents will cause (Ap = \ 

Further, for high turn-off gains we would desire t o(m)-^| / c Yp>0^. 

At present turn-off gains on the order of 10-20 are possible. 



co 



I^ g are negligible then 




1 — CXp — C<^j 
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1.3 Gate Characteristics. 



There are two means of turning on the GTCR, by exceeding the forward 
breakover voltage, and by gate currents. Since switching by gate current 
is the more practical means, we will examine only this method. 

The Gate Turn-on and Turn-off characteristics for the Westinghouse 
WX 241W GTCR are shown in Figures 1-4, 5, 6 and 7. \\~\ These character- 
istics are considerably affected by: 

(a) the gate pulse 

1. magnitude 

2. width 

(b) the load 

(c) the temperature of the junctions 

In addition the turn-off characteristics are affected by the anode 
current to be turned off. 

In Figure 1-4 we see the switching locus with I as a parameter and 

a 

gate voltage V , and gate current I , the variables. These curves were 
S S 

constructed for R, = 50 ohms and T, = 125°C. If we start at I = I = 

1 j a g 

V =0 and move along the I =0 curve in the direction of increasing I 

8 a g 

and Vg, we arrive at the turn-on point at which the curve becomes dis- 
continuous and shifts to the curve of the applicable anode current. 

Similarly, if we desire to turn the device off we can follow 
the curve for the operating anode current down to the point marked turn- 
off, at which we read the required turn-off gate voltage and current. 

We can readily observe the effects on turn-off requirements for different 
anode currents from this figure. 

In Figure 1-5 are plotted the maximum gate power curves showing the 
rated DC and peak gate power. To gate the device, we must operate below 
these curves, and above the shaded areas which represent the turn-on and 
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turn-off boundaries. The advantage of pulse gate drive is that higher 
currents and terminal voltages may be used without exceeding the power 
rating of the device. This can be shown by considering the switching 
efficiency: 



Power out 

if, Ap = Power in = the power gain 



and 



Power out 



= efficiency 



^-switching Power out + losses 
and since the pover input to the gate does not contribute power to the 



load, but is all lost 

power input = losses 



P out 
A 

P 



the efficiency is then 



P out _ 

n " P out(l +1/ A ) 1 + 7 — 

i- switching p A 

P 

For bistable switching as we have with the GTCR, the time base of 

the input differs from that of the output, thus the gain A must be 

,_ p 

corrected by the factor 1 1 where: 

t 



= the conduction interval 
and t = the gate interval (pulse width) 



thus, 

1 ' = i 

5 G-TCR \ + I 

A P CGJ 

thus for a = .50 millisee and a gate pulse width of 10 yU sec we 
have increased the' effective gain by a factor of SOX) and reduced the 
amount of power to be dissipated in the device. 

The variation of the turn-off gains with anode currents for two 
values of junction temperature are shown in Figure 1-6. On examining 
these curves, we note that the gains decrease with increasing tempera- 
ture, which can be attributed mainly to the increase in the thermal 
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currents . 



From Figure 1-7, we can get an idea about the order of the switch- 
ing time and power controlled. For the circuit shown in the Figure we 
observe that 1000 watts can be switched in 5 micro seconds with a source 
voltage of 500 volts, anode current of 2 amperes, and junction tempera- 
ture of 80°C. 
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Typical Gate Characteristics of the WX24IW 
Turn-Off TRIN1STOR Controlled Rectifier 



Fig. 1-4 
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MAX. PEAK REVERSE GATE VOLTAGE - 40V 




Turn -O ff TR1N1S T 0R Controll ed Re clif i e r 

_ . / 



Fig. 1-5 



MAX. PEAK FORWARD GATE VOLTAGE - 20 V 



TURN-OFF CURRENT GAIN,A IT0 



20 




°0 04 0.8 1.2 1.6 •' 2.0 

ANODE CURRENT, I A — AMPERES 

Typical Turn-Off Current Gain for the WX24IW 
Turn-Off TRINISTOR Controlled Rectifier 



Fig. 1-6 
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SOURCE VOLTAGE , Efr- VOLTS 




iTypicaJ Pulse Gate Drive Turn-Off Characteristics 
of the W X241W Turn-Off TRINISTOR Controlled Rectifier 

u 

i ■ • . ■ 
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CHAPTER TWO 



AN ANALYSIS OF THE BASIC POWER AMPLIFIER 
II. 1 Introduction. 

Due to its high switching efficiency, and fast switching ability 
it was felt that the gate turn-off controlled rectifier, GTCR, might 
be utilized in an amplifier circuit where the preservation of wave 
shape was unimportant, and the emphasis was on power amplification, 
efficiency and frequency correspondence. Accordingly, a basic inverter 
circuit employing two (2) GTCR's and a center tapped transformer as 
shown in Figure II- 1 was investigated. 

In part I of the Analysis, the amplifier was used with a simple 
resistive load and basic loop equations were written to solve for 
amplifier and load current, output voltage, power gain and efficiency. 
From these solutions an equivalent circuit was established to investi- 
gate loads considered in II-2 and III-l. 

In each experimental circuit the in-put or triggering pulse was 
obtained from the circuit shown in Appendix I and was of 1.5 amps, 
peak amplitude, and approximately 10 kx sec duration. 






e 
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II. 2 Operation of the Ideal Circuit. 



Consider the circuit' shown below:- 

J 



UJ 
















Fig. II-l Operation of the Ideal Circuit 



Assumptions : 



1. 



Trigger pulse has no effect on load. 



2. Matched components. 

3. n = primary turns per loop n” = secondary turns 

N = n/n ! , iron core transformers 1 

4. Voltage drop, V , across the conducting GTCR 9 1 volt 

5. #1 conducting, # 2 open 

Loop equations 

(1) E = Vo + Li .d . a l — K/l dkz — NA ' 4 i- L 

d t d -t d -t 

(2) £ — A-z. Rc L 2 . d A- ? — M di i ■+■ M' d /- l. ■+■ -4- C A- z d't 

dt dt dt C J 

(3) 0 — ~ M'jdL + M / cLLz Lu d_Li_ + i-i.Pi. 

dt dt dt 

where : 

= self inductance of loop 1 

L 2 = self inductance of loop 2 

L T = self inductance of secondary loop 
JLi 

= the load resistance 

(4) 



with 


k s= _L 


and 

> 




M <= 
/ 


Li « Lz 














N/\ 








L l 


- rV<fr 

Al 


Cr nl 


X 

1 


r\.$. 

n 


=■ JCL. 2 
n 2 - 


► 

x n (j> 

Ai 




but 


rv z = 


=1 _J 




and IT\ (1) 


. = L, « 


M 


n z 


N z 






A-i 






therefore 


L, ~ 


L, ~ 


NA 






and M ^ 


_M_ 


L 




Nr 


16 


N* 




N 



(5) adding (1) + (2) and using ~ M ~ 

2E -V = L R + - VXXt 

o *• c c J 



expressing 5 in LaPlace transform: we get (6) 

(6) 

r 2 E -Vc,') = i,(5iR,+_Li t a 

s cs 




izoo = rzE-vo 

f? c (s + — ! — } 

RcC 



X 2 . X) — f 2. E 

Rc 



now multiply (3) by N and add to 1 

a) E = Vo + L, dli_- MiU* - M'cUu 

dt dt 3tT 

N x (3) - 0 = - M / N di. + M 'HAL 2 + NUrLu* N^R. 

d t at dt 

b ut > lVl N ~ L, l_ z. and N Lt ^ M 

(8) hence (1) + NX (3) 



E-V. = Nil R l ° r au = E. -Vo 

N R«_ 

(9) or assuming A magnetlzlng = © , Al ^ N Li, ~ iz) 

and — jt 

X, = (F-V.) +■ L 2 E - Va ) e R ‘° 

N 2 Ru Fto 
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•+ kz. 



- -t. 



Aic 



= CZ -v»l 4- ME -2V. ) 6 RllC 

N*Rl Rl 



El = U Ru = E -V. 

N 

(10) from (7) it is apparent that the maximum voltage across either 



GTCR is 2E-V . 

o 



Power in = Hide E 



(11) the power in-put to the circuit is 
where Xk = Xd c average 



Adc - E-V. 4- CAE -2Vo> <C e ~ R ‘ C dt 
N* Rl RcT" 



(12) for 



T RcC 



Xdc = £ - Vo 4- f4F - ZV„1 C 
N 1 Rl T 1 



(13) Power output 



B = Xi! RL = Eji = fE- ^ 

Rl N z Ru 



(14) efficiency , 

„ (E-v.r 

n = Rl* = n*rl 

L Pin E -Vo . rAE-2V.^ C 

x . ,n ^—« * - 






T 



(15) Power gain = 



Power Out -put 

Power required from trigger 



(16) For 



E - Vo .» CAE - z vj c 

N 2 Rl. x 



Idc 



E -Vq 
N 2 R 






and maximum 


n = \ - \l_ 






1 E 




E - 30 VOLtS 


and \/c> — 1 VoL-t 


= 0.9G7 
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Taking the current equations 



Ai 


= E -M 4- 
N*Rl + 


C2 E - V. ) e R 
Rc 


and 


i z 


= rzE-Vo) 

Rc 




>Ldc — Aj A- £ 


= E-Vo +- 

N 2 Rt 


Since 


E >^Vo 


neglect \/ # 


then 







-±_ 
X 



_ t, 

6 RcC 



Rc 
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The equivalent circuit for these equations is shown below: 



i . i . 

r * 




\ ' • 



Fig. II- 2 



II-3 Analysis of the Experimental Circuit. 

If we examine Figure II-4, which is the experimental setup for the 
basic amplifier circuit, we note that to correctly obtain a good comparison 
between calculated and observed results we must include in the calculated 
results the effect of the balancing resistors R^and R£ and the inductance, 

i 

1^, associated with the load resistor R . We can introduce these para- 
meters into our equivalent circuit as shown in Figure II-3. 







Fig. II-3. 



\ 
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We can use the LaPlace Transform directly, for step inputs: £(s) 

and since R| ~ Ra. 



= E 



Tc (s) —Xz(5) = E 

s 

XcCs) = TzCs) =_E 



R, + _R_ 4-_i 
z 



zc c s 



I 



i 



R, •+ • Rc. 5 4 

2- ZCc (R. -f RT) 



and the load component reflected into the primary will bej 

Xj(s) « E 



N 2 L_l 5(3+ + 

N Z Li- 

the time domain solutions for current can then be shown as: 

= iz(^) = E 

R. 4- _Rc _ 

Z 



T. = ZCc CR, 4 R=_) 

z 



and the load current in the primary 

iJC-t) = E ( 1 - ) 

R, + N 2 Ru 



'Ci = MlU . 



R, +■ N 2 Rl. 



The current thru the conducting GTCR is the sum of Xu 4- Ac 

or 



(Zl) = 



- 4 

E (. 1-6 4 



— -t 



R. 4 



R. 



We can get the load current by reference to the secondary 
where 

Il'O = Tu'fe) N 

Since the output voltage Ei_(.^ — (. R»- 4 SLl') 

Ei_(s) — — E El ± S b 

n u 6 ($ 4 _gL± Mia. ) 

N a U 

22 



this can be simplified to 



E.W = E Rl .N „ . J_ _ ER, M _J 

R, + N 2 - Ru S R, + NRRu(s4- R, + N 2 R l) ' M (s + R, + 



+ 



N Ll 

We can now write the time response as the inverse transform 



E L.OO - E R, Ki Cl 

+ N z Rl 



- € 



( Ri + N* R.. )4 _(R 



) + 



N*ti 



N £ Lu > 



N 
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II-4 Experimental Results for the Basic Power Amphtier. 

The laboratory setup for the circuit shown in Figure II- 1 is shown 
below: 




r 



1 



£ 



tv — 30 volts 

Vo — I vo 10 



N = i 



Rt Ri — 3 O R 'On s 



Rc. = 3 0 ohms 

N Z = 3^ Cc = .15 yU farad 5 

|\| 2 Ll —2 . rnh 

Rv_ — I ZOO o h yt> s 
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It was found in the laboratory that without the resistors and 



shown in Figure II-4, the basic circuit would not operate. Analysis 
of the problem indicated that the transformer was saturating on the first 
half cycle, because a residual flux raised the level into the saturated 
region. Hence these resistors were needed to start the operation of the 
amplifier, and then to properly balance the output during each half cycle, 
which prevented a buildup of the flux level in either direction. If we 
could obtain perfectly matched components, at considerably more expense, 
it would be possible to shunt out these resistors completely after start 
up. 

For the parameters given, the equations for predicted currents becomes 



A 2- — Ac 




I. 5 £ k a.mnpev'es 



— \Q b 

: <b 



the primary component of load current 




5 + 1200 

36 






0-e 2 *' 0 ' 3 ) 



— 38,(c't 




the current through the conducting GTCR 






the current from the source. 



Adc — Ai + A2 





Ad c - .783 Cl - € Sl - 8 ) 



+ 3.0 £ 6 



3. VY\ p 5 
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the average value of source current 



_) — dc — >Ldc 



ave 



= .7 8 3 — .783 




41+3.0 




for T ~ Q.ooob seconds 
Idc = .783 -.073 + .035 = o.74 amperes 



Our calculated output voltage, E , becomes 

Li 

-lo^-t - io^t 

El. = C3d)Ozoo)C ±) ( I - 6 S'* ) -+- 180 e 6 

5 1 200 

36 



which reduces to , , 

- io\ - /oV 

Eu = 158.5 Ci - e 5I ' 8 ) + i8o e 6 



volt s 



Power input = 74 x 30 — 7 7.0 watts 

Average current 



ICl — N L\_ 

ave a.ve 



_ \ 



6 C.78 3 -.075) = J/75 ajmps 



Output Power 



Pooi — (. II75) Z 1 700 =10,57 

watts 



efficiency, K) — IC.57 —0.140 

Leal zz/a. 



In an attempt to obtain a better comparison of the predicted versus 
experimental results, the equations for the current, i^, and the output 
voltage, can be solved by an analog computer. The analog circuits 
used are shown in Figures II-5 and II-6. The graphic solutions as shown 
in Figures II-7 and II-8 may be visually compared with the pictures taken 
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TABLE I 



Tabla 1 presents for comparison the observed and calculated results. 
The calculations were based on the parameters listed and the equations 
derived above. * 



variable 


- calculated 


observed 


U * 


- 10 6 t/ 51.8 -10 6 t/6 

.785(l-e )+1.5« 


' -t/T. -t/T. 

.80<l-e )+ 1 . 52 e 


i 2 s 


-10 6 t/6 

1 . 50 e 


-t/T 2 

1 . 52 e 


Idc = 


.74 


1 

.75 


El* 


-lO^t/ 51.8 - 10 6 t/ 51 .( 

155 . 5 (l-« )+180e 


1 -t/T, -t/T, 

153(l-e )+180e 


Power input 


22.20 


22.50 


Power output 


16*57 , , 


17.5 


Efficiency 


0.746 


t 

0.77,8 

’ < , 


Power Gain 


\ 

828 


875 




1 


1 

> s < 

* 



amps 



amps 



amps 



volts 



watts 



watts 



of the observed variables shown in Figures II-9 and 11-10* 

For ease in the analog solution the equation for the current can 
be expressed by: 



I.(s) = j— 

(R, + N Z R\) 5(N Z U5 i 1 
R,+ N z Ru 



_ E.._ ! . 

+'Sc) R, ■ + JRc. s(zCc( R,4-Rc)5+l) 

Z Z ^ 
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tor parameters used: 



and scaling factors — 2 — • 05 o<^ — IO 

cx» — . 15 Ri — R^i = I Megohm 

Q?. = . 1*33 ^3 — .l"? 2 Ri — R3 — | Meg-ohm 

C^z — 1 rrncvo ^ a_^cLd 



cx^ q 5 — „ l<o 7 ^ R4 = R5 — R44 — l Megohm 

’• C^4 = ] mi c. vo £ a_ v a. d 

<3g — <3.-? = • 5 Rg - R 7 — . 2-5 Megohm t - I Meqo 

q 8 = a<i ■= 1 Ra = R 9 — R$g — ' ) Meg ohm 

similarly the output voltage equation can be expressed as: 

Eds) = E NR -. ! + _E _ _E_ _J; 

(R, + N 2 RD i ( tilL s. + 0 Nl> n Vn ; l, s t A 
R>N*R<- R,+ M l R,_ 

which can be solved as shown in Figure II-6. 




Fig, II-6 



Analog Solution for Predicted Response of Amplifier 
Scaler 

UO-WV : 1 ooU // m e 

V\ov*o«W •• I r»m /seeo ^ 

Scaling factors: 

, / 

^6*vr»e _ 'PS - — 6> ooMs 
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For the parameters given, 



and letting 


cK e — 6 = * 0 5 


CL i — .3 


Ri — Rf i = 1 KAe^- ohm 


at = .5 
a 3 - .5 75 


Rz - Rfz. — 1 N/lecj' oUm 

— 1 nn unro^. a-v^a-d 


a 4 = - 5 ‘7 5 
a 5 - .575 


R4 — R9+ — 1 Me<^ -ohm 

= | micv'o^-a.r a_d 


a fc n 1 
a 7 = i 


Rc> = R 7 — R-S-c — 1 Mec^-ohm 


0-8 — 1 
a? — i 


Rs — Rq — Rjf g — 1 Mecj-ohm 
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time 

Fig. II -9 1 cm = 200 sec 

Amplifier Current vs Time 
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II-5 Discussion of Results. 

In Section II-2 the basic assumptions which resulted in simplified 

solutions for i and E were that the co-efficient of coupling k s was 
I L 

essentially unity and that the magnetizing current was negligible. The 

resulting equations then predicted the various wave shapes and values of 

the variables of interest, namely i. , and E , in terms of the applied 

1 Li 

voltage E. Thus the voltage E could be selected to remain within the 
rated voltage of the GTCRs. The predicted maximum efficiency was 96.77® 
which is quite high, but if line and transformer losses are kept low it is 
felt that for a resistive load the efficiency will be greater than 907®. 

An important result of Section II-2 was the development of an equivalent 
circuit which greatly simplified the solutions for Sections II-3 and 
later work in Chapter Three where the load became more complex. 

To examine the validity of the assumptions made in Part I, an experi- 
mental circuit was established as developed in Part II. This was the 
simplest form of the power amplifier which could be constructed with the 
material on hand. To more correctly compare the analytically predicted 
results with the observed results, another analysis was preformed which 
included the inductance inherent in the wire-wound power resistor used, 
and also the effects of the trimming resistances in each leg of the pri- 
mary. 

m 

From the tabulated results we note that the calculated magnitudes 
agree very closely with the observed results, differing by less than 27* f 
in each case. This deviation being well within the accuracy of the 
observed measurements which were obtained from an oscilloscope. In 
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conclusion then, it appears that the basic assumptions are valid and 

that the equivalent circuit is useful for varying loads. Since the 

solutions for amplifier current i , and output voltage E satisfy the 

X L 

observed amplitudes and wave shape they can be examined more closely 

to see what effect the varying of the parameter L will have on circuit 

L/ 

operations. It can readily be shown that increasing L has little effect 

L 

on other than flattening the overshoot, however, when is increased, 
the current i^ will exhibit more undershoot, as indicated by equation 
(21), This is undesirable since if the undershoot drops below the rated 
holding current, and pulse gate drive is being used, the device will 
switch to the off position and the amplifier operations will be terminat- 
ed, Thus for a fixed resistance there exists an upper limit of induct- 
ance which can be tolerated if the circuit is to function. 
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CHAPTER THREE 



THE POWER AMPLIFIER WITH A TRANSDUCER LOAD 

III. 1 Inttoduct ion. 

Now that we have developed an equivalent circuit and shown that it 
will predict results which agree with observed results let us examine 
analytically and experimentally* amplifier performance when the complex 
load becomes a transducer. 

Figure IIX-1 shows the equivalent load seen by the amplifier* where 

R and C are the transducer equivalent and L is a tuning coll m series 
Li jL 

with the load. 

In electrical terms a basic loading problem Inherent with the trams 
ducer, is a coupling effect which causes the capacitance * C* im the equi 
valent circuit to vary. Thus the amplifier in meeting the operational 
requirements below* must do so for a range of possible capacitance* C, 

1. While the output voltage wave shape may be distorted* the 
amplifier must maintain frequency correspondence with the 
input signal. 

2. The amplitude of the output voltage should remain nearly 
constant through the range of C employed. 

3. High power gains at efficiencies on the order ot 60% or 
greater are demanded. 

There are several general forms of equivalent circuits for trans- 
ducers which depend primarily on transducer construction and the fre- 
quencies to be employed. For our study let us consider a circuit whose 
general form is shown in Figure IXI-1. 
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u 




c 



Figo III-l 

Since, impedances are easily scaled in both magnitude and frequency so 

that laboratory models can be built to simulate existing circuits, the 

load simulated in the laboratory and used for our analytical results was 

based on values of R , L and C available, .The objective then was to show 

L L 

the transient behavior when first and are kept constant while C varies, 
then keeping R^ and C constant the tuning coil was varied to note the damp- 
ing effects, if any, introduced in the circuit. 

It is important that we have some indices which reflect the relative 
bearing of the three parameters in order to investigate possible transient 
behavior. If we examine Figure III-l we note that, 

•Zufe) = SLl + R l 

® s -V- I 



which simplified is: 

= 



RlLiX. 



• a ,_L_ x 
S + ( i?,_c )S + UC 

RuC S + i 
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The numerator of this expression will occur in both the current and 
output voltage equations* and will in fact become the characteristic 
equation which will govern the response* Hence* this equation* of second 
order form* may in general be written: 

S Z 4- 2 ^ OJnS + UOr\ z 



where 3=1 \ \ 


u ' 


and 


L On — ~~\ 


i ’ 


2Ru ) 


c 




\ 


LlC 



Thus the parameters can be changed into ^ and OOn ; indices 
for comparison with other possible parametric values* Additionally* 
since considerable analytical information has been gathered and evaluated 
on the transient response to step inputs for second order systems we can 
easily obtain information such as overshoot and rise time for given values 
of ^ and u On . Figures III-17 and III-18 for example can be used in 
the analytical calculations to predict rise times* t , and overshoot* 
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III. 2 Analysis of Transducer Loading. 

In this analysis, let us first derive the equations for i .the 
current through the conducting GTCR S and the output voltage, E . The 

L 

equation for E along with data on input power would then provide the 
necessary information regarding' amplifier performance^ and could also 
be reflected to the primary so that we can insure that 2E (primary) 

Lc 

does not exceed the rated GTCR voltage. The resulting equation for 
would then tell us whether or not we exceed rated current and also 
indicate when the limits of pulse gate drive would be exceeded. 

To obtain the desired solutions for i and E we substitute the 

X L 

load circuit into the equivalent circuit developed in Chapter Two. 

The resulting circuit which we can attack analytically is shown in 

Figure IXI-2. 
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Solutions for i, , the current through the conducting GTCR, and 
the output voltage can be written directly in Laplace Transforms. 



= XvJ (s) -V Xa(S) 



where 



XUs)=_E_ (RlCs -v H 

N 2 - s (RuCLlS z +- LuS + Rl) 



and 



Jib) 



E 



ZCc s 



RcCc s + l 



4 - 



ZEC c 



Rc Cc S + I 



Ii(5) — _E_ ( Rl-C s + i ) 

N ^ 5 ( Ri_C L_ l S -h Li_ s R i_') 

and 

Eu(s) — E Ru 1 

H 5 ( RLCLuS* -+■ LuS + Ri) 

The transient behavior of 1^ and is of considerable importance 
in devising protective schemes for the circuit. A readily apparent pro- 
blem is that of overshoots of both current and applied voltage which 
could destroy the GTCR*s, or at least change their characteristics, if 
rated surge values are approached or exceeded. Another transient aspect 
that must be considered however, is the minimum value of current, i^, 
attained during undershoot. Since pulse type triggering of about 10 ^U- 
sec duration will probably be employed, so that maximum current can be 
controlled, the current through the device must never be allowed to drop 
below the rated holding current. Should this occur the device will be 
switched to the high resistance portion of its operating curve, and power 
to the load will be interrupted. Interruptions of this sort are harmful 
if they also bring about transformer saturation on the following half 
cycle. Transformer saturation is very harmful for this circuit since in 
the on condition the primary circuit contains virtually no impedance, 
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and large currents will flow in the primary until protective devices 

operate . 

Now that expressions for both i and E_ are available^ perhaps 

I L 

the best and quickest means of observing the transients would be to 
simulate the current and output voltage transfer functions on the analog 
computer. We could then observe the response to a step input of E volts 
with fixed and the parameters and C being varied. 

To simplify the analog solution for i^ s rearrange the equation so 

that s 

Xi(s) — E Ru_ Efo-C-s Rl. j£_ 2Ccj> 

RuN s(EuC Lu s z + Lu S +- Ri_ ) Ru Kl s(R l CLl.s z + L_s ■+ s fRc.CcSil) 



let, 



I,(S) = I,'(s) + X,"(s) -+ Xc(s) 



and 



X,'(s) - _E_ _ 

N 2 Ru 5 (EEC Us 2 -+ Us ■+ R i.') 



X/'CS) 



E Ri_Cs R u 

N 2 Ru s(R l _CLuS 2 '+ US + RO 



EEC s 1/(5) 



Xc(s) 



_E z Cc5 
s c RcCcS 1 ) 



The analog circuit for the solution of i^ is shown in Figure III-3. 
(See Appendix IT for the details of scaling) 



Next write the equation for output voltage: 

E Js) = JL 

N 5(fRuCLuS \_i_5 ^ Ru ^ 

which in transfer function form is 
El/s) = Ru 

E/N RuCLuS 2 + Us + Ru 



For analog simulation consider then that 

R. = E* 

RuCUS 2 + LuS + Ru l + Fo 



40 



MH 




where 



Kl/Lu 

s ( RJLS + i) 



which becomes 
circuit shown 



Fo = 



the open loop transfer function in the feedback analog 
in Figure XXX-4. 
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Ill, 3 Discussion of Analytical Results, 

Figures X1X-5 through 111-11 show the analytical results for 
and L fixed and G varying. We note that the range of parameters used 

ij 

covers the range of ^ = ,95 to ^ = ,302, Roth current and voltage 
wave shapes followed the expected pattern* being damped heavily near 
Ip = ,95 and growing oscillatory as C was increased. At 0 s near 0,3 
we can see that the system has grown quite oscillatory * and that our 
voltage overshoot is now greater than 3Q% 9 and our current undershoot 
is very pronounced. Hence were our parameters to vary in this manner* 
we could safely predict that for this range the current remains above 
50 milixamperes* the approximate holding current* and that the overshoot 
of output voltage will not exceed 36%, 

The parameters below and scaling factors apply to Figures XXI-5 
through XXX- il, 

Ri_ = 14 4 0 ohms 

Li_ — . 0 16 Vnenv-ics 

for current curves: 

o< t = q x i o 4 
oil, — .0 2.5 

for voltage curves 

CK t — 5 4 x I0 4 
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C * 0.0021 




^ = 0.95 




l v /i 




Fig. III-5 
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i 



c * 0.0042 Y = 0.678 



Printed in u s a 




1 ^^/sec 



Fig. III-6 
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■V 



C « 0.00612 



/f 



^ - 0.562 
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C * 0.0082 fk £ 



t c 0.485 
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I 



C = 0.011 




y = 0.418 




>. RA 2921 32 BRUSH INSTRUMENTS division of cievite coloration cie\ 




E_ 



I 



Fig. IIX-9 
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C * 0.016 



f = 0.3^7 



i 



AND. OHIO 



PRINTEO IN U.S.A. 





Nswy 



Sec 



Fig. III-10 
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C = 0.0212 



f = 0.302 








Fig. Ill- 11 
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Figures I 11-12 through 1XT-16 show what happens to the response 
when inductance is added. Additional inductance acts to dampen out 
the oscillations^ however^ there are limits to the amount of damping to 
be added* as is indicated by the slight lag in evidence in the current 
i^ shown in Figure IXX-16, As more inductance is added we will be once 
more in danger of dropping below the rated holding current for the GXCR 
with possible transformer saturation on the next half cycle. 

The fixed parameters and scaling factors for Figures XXX- 12 through 
III-16 are: 



Rl = ' 


14 4-0 O R nn S 


c = 


O..00&IZ micro (ayids 


K _ 


0. 0 2.5 


^ E'u = 


6 
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L * 9/8 la 



*4 



= 48 x 1CT 
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x. « 5/^ la 






0 ( t * 43.2 x 10 4 
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L « 3/2 la 



« 36 x id* 
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L * 2 



* 



Q * 2? x 10** 




* r. 



RECORDER MARK II chart no. RA2921 32 B*RU 




I w^/jec 



Fig. 111*15 
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I 



t«6L 1 0^ t * 9 X 10 
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5“ 




rtgo in- 16 

r — ~ " ' 
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Ill, 4 Experimental Results, 

We can visually compare the predicted results with the observed 
values shown in Figures III- 19 through III- 25 and note about 1 to 6% 
deviation. Table A=1 portrays the tabulated experimental results and 
also shows the predicted values of overshoot based on the curve of 

Figure ITI-17. 

TABLE A-l 



c 




M cal 

pt 


M obs 
pt 


% dev 


Power gain 


Efficiency 


. 0021 


.95 


1.008 


1.064 


5.27 


1028 


89% 


.0042 


.678 


1.054 


1.110 


5.05 




89% 


. 00612 


.562 


1.120 


1.136 


1.41 




89% 


.0082 


.485 


1.170 


1.160 


0.86 




88% 


.0110 


.418 


1.230 


1.195 


2.93 




87.7% 


.0160 


.347 


1.310 


1.234 


6.15 




86.5% 


.0212 


.302 


1.360 


1.272 


6.90 




85.7% 
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Fig. Ifl-17 
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Fig. Ill - 18 
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E 

L 

1 cm = 80 volta 



time 



1 cm - 40 jm sec 



Fig. Ill -19 



Output Voltage E vs Time 



C =: .00212 yfarads 



r 
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time 



Fig. III-20 

Output Voltage E^ vs Time 
C - .0042 n farads 



1 cm _ 40yu sec 



■A 
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el 

1 cm tr. 60 volts 



Fig. III-21 

Output Voltage vs Time 
C - .00612 p farads 



time 

1 



cm — 40 sec 
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time 



1 cm rr 40 usee 



Fig. I II -22 

Output Voltage vs Time 
C = .0082 ji farads 



r 



<4 





1 cm - 80 volts 



time 



1 cm ^ 40 ^sec 



Fig. III-23 



Output Voltage E vs Time 

±j 

C = .011 yUfarads 
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Output Voltage E vs Time 
Li 

C — .016 JA farads 
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E 

L 

1 cm ; 80 volts 




Fig. III-25 

Output Voltage E vs Time 

i-i 

C r .021 ^ufarads 



time 



1 cm — 40 ^ se c 
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III. 5 Conclusions Based on Experimental Results. 

The basic reason for the observed deviation from predicted results is 
that the desired load could not be simulated with ouc laboratory components. 
The actual transfer functions were of third order rather chan second order 
due to the inductance associated with the wire wound resistor used. Our 
actual load was really. 



"Zuis ! 



5 Ll + Rl + s Lr 



.rL + Rl_CS + 



S fs 4 ^sRl/Lr -4- I/Lt?C ) + - s /L l.C f?u/L 

s z + Ru^/L r + /LrG 



R 



where L 

R 



= the inductance due to the resistor. 



The transfer function for output voltage was really: 

Ei (si .. Ru 4- s Lr 

E_/ N s Ll (s z LrC + Rl.Cs -H) 4 s Lr 



Ru 



The system characteristic equation is then 



S' 



Ri 

L 



R 



4 



Lrv C 



LuC 



S 4 



Rl 

ULlC 



Letting 

x(sl 




Rl 

L r UlC 



and /, s <- 3 . D c 2 - 

y (S ) — 5 4- Ku - s 

T Lr 

we can examine the effects of varying C by plotting x(s)/y(s) on a 
root locus plot and observing the movement of the roots* 



y is) 



1 f Lr + Ll ] s + 1 


LrC 


V Rl J 


s% ( -J^ s 1 ) 
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A sketch of the Root Locus plot for the actual experimental system Is 



shown below 



4jU) 




For the range, of capacitance used in the laboratory 9 performance 
approximately in the range shown by the dotted lines on the sketch. 
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In addition to the data tabulated* a dual beam oscilloscope was 
used to verify frequency correspondence* It was found that the lead- 
ing edge of each pulse could be aligned with the £ero crossings of the 
output voltage wave shape * hence frequency was preserved* 

We can see now by examining both the analytical and observed 
results that for the range ^ s ,95 to - *302 the frequency has been 
preserved*, the amplitude of the output voltage has deviated from the 
average half cycle value by at most 36%* and that efficiencies on the 
order of 85% at power gains of about 1000 are possible* 

We could now predict that for this GTCR* rated at 400 volts and 
2 amperes** we could*, with a proper output transformer*, operate safely 
at 200 watts output power with a power gain of 1000* The output trans- 
former must be designed so that the reflected resistance allows rated 
current at the desired supply voltage* without saturating* Also* a 
resistor should be inserted during at least the first half cycle in 
series with the power supply to prevent the transformer from saturat- 
ing due to residual flux of the same sense as the flux due to the in- 
rushing current* 
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APPENDIX I 



TRIGGERING CIRCUIT 

The triggering circuit used in the experimental section is shown 

below- 




The Shockley diode is a four layer, Silicon, two terminal switch* 

The Voltage-Current characteristic curve for this p-m-p-n device shows 
two stable states, a high impedance state, Region I, and a low impedance 
state Region III* To turn the device on the voltage across the terminals 
must exceed the switching voltage ,Vs* Turn-off is accomplished by reducing 
the current through the device below the rated holding current* The V-X 
curve and other diode characteristics are shown in Figure A-l. 

For the triggering circuit, a Shockley diode with a switching volt- 
age of 30 volts was used with the following effects on triggering opera- 
tions t 

l 9 Pulse Interval T 
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Ch*r*ot«rltlio V-l Cunr« 



T«rmt and Symbols 




r 



Switching Voltage 
Switching Current 

Holding Current (or Sustaining Current) 
Holding Voltage 



■s 
lh 
v h 

Ron "On" resistance (the slope of the V-l 
curve measured at currents>lh> 



Ilk .‘Leakage Current 

Vrb Reverse Breakover (Avalanche) Voltage 



, . *. 
i 

i V' 



This is a diagram of the construction 
of the Shockley 4-layer diode. Produced 
from single-crystal silicon, the four 
layers are obtained by the controlled 
diffusion of suitable impurities. 

The symbol for the Shockley 4-layer 
diode is a modified "4”; the slant 
line of the “4” indicates the forward 
direction of current passing through the 
device when in the “on" state. 



? 

N 

P 

N 

P. 

A 




ERCIAL S«ri«s 





D 4*|»AYER DIODE FOR 2 AMPERE PULSE CURRENTS * 

Other Characteristics For All Standard Type D Units 



Switching Voltage (V 9 ) 
In volt* 



Holding Cu rront (lh) 
In ma 



*3 . ’*• ’ 


20 ±: 4 


< ' .V . 


1-6 


•12. -V 


20:1:4 


.{ > 


5-20 


-30 -V r f * . 


20±4- 


* . J t.' 


19-45 


*3 -V. ; ' 


’ 30:t4 


! ?i ■ 


\ 1-6 ■ 


-12 , 1 . ’ i ' 


30 ±: 4 


; * *• 


* 5-20 


-30 


30 ±4 


i - ■ 


•19-45 


*3 \\ . . 


40 it: 4 


' r • 
} l ■ 


,1-6 - 


-i2 ■. • . 


40 ±4 V 




5-20 


•30 v 


40±:4 


V 


19 45 • 


- 3 . - ’ * . 


50 ±4 * 


< t • ' r 


1-6 


-12.;- . 


50 ±4 


■ " • ' \ . ' 


5-20 


-30 * : 


50 ±4 


- ’’ * > 7 • ■. ' ! 
i y. 


19-45 


-3. - .v 


80 ±8 


■ ' . 4 


1-6 


-23 * r . 


80 it 8 




545 


m”; H 


120 ± 12 


’ V 
\ 


1-6 


0-23 . 


120 i: 12 


i i ’■ 


5 45 . 


0-3 /** • J . 


200 it 20 


‘ !E 


1-6 


0-23 ' ’ M ' • 


200 it 20 


‘ i : 

* / .. 


545 



•Switching Current (l s ): <125^a 

Holding Voltage (V h ): 0.5 to 1.2 volts 

Current Carrying Capacity: 50 ma steady dc. Maximum peak current rating 2 
amperes-dependent on duty factor, repetition rate, pulse duration and 
ambient temperature. 

Turn-On Time: 01 ms (circuit will determine exact switching time) 

Turn-Off Time: 0.2 ms (circuit will determine exact switching time) 

Leakage Current (l|k): <15 mb (measured at .75 V$) 

Dynamic Resistance On (Ron): <2 ohms at lh + 25 ma 
and <0.3 ohm at 2 amperes 

Capacitance: <100 pf (Exact value depends on V s and applied voltage) 

Ambient Temperature Operating Rang a: — 40* to 65*C 

Reverse Breakover (Avalanche) Voltage (V r b): >60% of nominal 
switching voltage (V s ). Voltages applied in the reverse direction 
in excess of V r b may causa damage to the device. 



RATINGS ABOVE APPLY AT 25*C 

Fig. A-l 
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We can calculate T by determining the time required to charge the 
capacitor to 30 volts* The expression for the voltage across the capa- 



citor is ^ 

Vc = Es ( I — 6 ^ ) 

for Es = 100 vo Its a C - .lyUf and at time t = T* 

Vc = 30 7 
hence 

- 1 — — 

Es 

. -t, — RC U j' Vc - - .1 R X^jooj) - .0358 R y^seo 

2* Pulse height Ip 

Ip * Vs/Rc *= 30/20 « U5 amps 
3* Pulse width t 

w 

The pulse width is the time required for the current to 
decay below the rated holding current of approximately 45 ma. 

Current decay can be expressed by s 



I = Ip e 

which for the parameters used is 



-t/ReC 



-t 



.045 — 1.5 € ^ <lot 



-tv* = z.o x io _e> JULms. 

1.5 



^QA5—^j — 7.6 yU seconds 
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APPENDIX II 



ANALOG SOLUTION FOR AMPLIFIER CURRENT 



The expression for amplifier current is s 



J,(s)= _E 



R l 



E ELs Sk. 



-V 



'LEU _1 



N 2 Ru s(RUl$ z + Ll5 ■+ Rj . N z R^CR.CL^Us^R.) s (XC c S4i 



using the variables as shown on the analog circuit diagram Figure A-2 S 



the scaling equations become: 



Ei= «E_ _E_ 



£ = 



El — QU X* 

CXg, C< £ 



i/ = 2U- £ 



Lu CRCs + i) 



Le-L F = Ffcrt , 



cXe = 1 



CX 



e*. 



nFFL 






R, — R$\ = | Me^-oK\ 

a, — I 

^■L — ~ °Fl,' 

Rz, = R 3 — Rp = \ Mec^-ohnn 

0 - 2 . = O 3 = | 






I OO JFj, = ^ XIO 4 

N z Lu Ll 



Lu - .OIL hevnv\es 
R u - H 40 



Q4 F44 — _ 

CX(^ 



Cu Ru = R7C = \V\.(> c X 10 

Q. <0 Li- 
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lU 

I 



CJ 
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In Tabular Foru . he y for and fixed and C variable 0 



C M 


Qb 




Ro M 


- ru &.* 


Qa 


.0021 


.919 


i 


.25 


.25 


.919 


. 0042 


.46 


1 


.25 


.25 


. 46 


0 00612 


.315 


1 


.25 


.25 


.315 


.0082 


.94 


1 


1 


1 


. 94 


.on 


.702 


1 


1 


1 


.702 


.016 


.463 


1 


1 


1 


.483 


.0212 


.364 


1 


1 


1 


. 364 



i; = r^£' x t y dt 

J c^ X; ^t 



X" = 2<±' Rl.C 1 / 

F~ = F ; ! 



CX E c 



RcCc s + 



Q. s 
RsC fs 


— I 0-5 ! 


1 M-74 


R5 ■= ' 




O 

-O 

II 


i /J f 


°^r 


~ RCC O'} = 


i 


N z Ll 






R 7 — Rf? = 


1 M -fc- 


°<Eo = 


<*.=<_ = 1 - 
m £ r l 


• 


<^8 R $8 


— 1 C$8 R$8 — 


fXC c o<^. 


Rg 


Gq 


- 4oS 


— 


C48 = 


lyuf Rs - R(. 8 = 


.25 M 



0.8 = nq = . G 1 7 



L - <* E; , ZRuKI^ ETa. — 2<& 2,RJs £ E c 



CUc 



R t 



<*x 



/^C 



Rc 



°<X = e 6 



CK , 



Oio R^-io — <3 -m R$ io — 2 RuN 2 

R io R h R c 

R$io — I M rL Rio — R11 ~ .25 M-^- 

Q 10 = On — • 6C 2 
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I, 






A-, 






A, 



T c 


^ = 


1 ? — 


N 

II 


7J 

II 


& 12. — 


G 14 — 


1 


II 

ro 

c5 


RlCc< ^ 


(-Bn. ^ 

v Rf iz / 


rr*!L 


1 Z^. 6 


x 1 o 6 C 



Ac. 



I KA 



K 13 






v- R)3 — *1 NA -42. 



C Mf 


0. 13 


„ 0021 


.0272 


.0042 


.0544 


.00612 


.0793 


.0082 


.0162 


.011 


. 1425 


.016 


.207 


.0212 


.2745 



Now keeping 1440 -52- and € fixed at .00612 p vary L in 

steps as follows: 

i- — iL L>_ _ 5 _ Ll ) _2L 1— l , 2 Li_ . 6 Lu 

8 4 £ 1 ' 



The only modifications to the above occur due to change in c>(^ — Ru -- 

Lu 

Hence affected pots are varied CI4 and G4, increasing and 3 decreasing 0 
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L. 


<V 


9/8 ^ 

Jt 


. 3545 


5/1 L., 
1 


. 394 


3/2 L t 


.473 


2 h 


.709 


6 L 


.756 



c 



Clfe o/i 3 

.3545 .0705 

.394 .0635 

.473 .053 

.709 .0353 

.756 .0112 with 



R^4 = F?4 = .1 M 
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APPENDIX III 



ANALOG SOLUTION FOR OUTPUT VOLTAGE 



Next write the equation for output voltags 



e l =_e 



Ru 



N i ( RX Li.5^ ■+ Ll 5 H- Rl ) 



which in transfer function form is: 

Ei — Eu 

%/N RlCUS^LlS 

For analog simulation consider then that 

Rl 

RuCUS 2 + LlS + R l 

where fT — RLXLl 

sfRXS+O 



Rl 



Fo 



I + Fo 

which becomes 



the open loop transfer function in the feedback analog circuit shown 
in Fig, A-3* The analog expressions are then: 



E — oCq- 1 00 
N 



a, = .3 R, = Rf, = I N/l-n- 



£ = 



P( E 



N/ 






o( e — oX E — - 6 

— 0 3 — I R* = R 3 = Rfa. = I M 



_12_ 



Eu = XX £ Rl/Lu 
£u RlC-S + I 



o^t = 6 _El = 54 X 10 

Ll 



as 



a o — Ri;4 

RdC<* t 



— R t C <*t 

CXq 



— CX 5 F ?4 

R^.4 
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First let R 1440-0- and Lu “ <>016 h remain fixed and vary 

Co The pot settings for CL 4 and G-$ may be tabulated as shown below: 



C 


C,4 Jdl 


RC4 R4 


,0021 


J 


1 


1 


. 0042 


l 


1 


1 


.00612 


1 


1 


1 


.0082 


1 


l 


1 


.011 


I 


1 


1 


.016 


1 


l 


1 


.0212 


1 


1 


1 








Ci (c> - — - 


&i_ - \ ^ El. dt 

J <^E u 5(t 




Re, Cffc < 


Now keep R ~ 


1440 -ft-’ f 


C « .00612 


yU <y 


and vary L.. , The 


required changes will be in pot 


L_ 


a? 


Q 4 




9/8 L 


.236 


.236 


48 X 10 4 


5/4 Ll 


.2625 


.26 25 


43.2 X 10' 


3/2 L 1 


.315 


.315 


36 X 10 4 


2 Lj 


.42 


.42 


2? X 10 4 


6 Lj 


.315 


.315 


9 X XO 4 



as 



a,* 



603 


. 603 




3015 


.3015 




210 


.210 




157 


.157 




117 


.117 




0804 


.0804 




0606 


.0606 






Rg = 


1 M -a 




Cffe = 


\ Jd < r 




Qfc — 


J67 


et tings 


O 4 and 


as 



( c hancje R94 — R4 — ■'?- 5 N1- 11 ) 
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